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Tsetse ﬂies are the cyclical vectors of African animal trypanosomosis (AAT) and human African trypanos-
omosis (HAT). In March 2010, the Government of Ghana initiated a large scale integrated tsetse eradica-
tion campaign in the Upper West Region (UWR) (18,000 km2) under the umbrella of the Pan-African
Tsetse and Trypanosomosis Eradication Campaign (PATTEC).
We investigated the structuring of Glossina tachinoides populations within and between the three main
river basins of the target area in the UWR. Out of a total sample of 884 ﬂies, a sub-sample of 266 was
genotyped at nine microsatellite loci. The signiﬁcance of the different hierarchical levels was tested using
Yang’s parameters estimated with Weir and Cockerham’s method. A signiﬁcant effect of traps within
groups (pooling traps no more than 3 km distant from each other), of groups within river basins and
of river basins within the whole target area was observed. Isolation by distance between traps was highly
signiﬁcant. A local density of 0.48–0.61 ﬂies/m2 was estimated and a dispersal distance that approxi-
mated 11 m per generation [CI 9, 17]. No signiﬁcant sex-biased dispersal was detected.
Dispersal distances of G. tachinoides in the UWRwere relatively low, possibly as a result of the fragmen-
tation of the habitat and the seasonality of the Kulpawn and Sissili rivers. Moreover, very high ﬂy popu-
lation densities were observed in the sample sites, which potentially reduces dispersal at constant habitat
saturation, because the probability that migrants can established is reduced (density dependent dis-
persal). However, the observed spatial dispersal was deemed sufﬁcient for a G. tachinoides-cleared area
to be reinvaded from neighboring populations in adjacent river basins. These data corroborate results
from other population genetics studies in West Africa, which indicate that G. tachinoides populations from
different river basins cannot be considered isolated.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction (HAT) – sleeping sickness. HAT is only reported sporadically fromTsetse ﬂies are the cyclical vectors of African animal trypanoso-
mosis (AAT) – nagana – and of human African trypanosomosisGhana, the last case having been diagnosed in the year 2000
(Simarro et al., 2010). As a result, the risk of infection in the
country is presently considered marginal (Simarro et al., 2012).
By contrast, AAT is a major constraint to the development of more
efﬁcient and sustainable livestock production systems in Ghana,
and the disease prevents utilization of abundant natural pastures
across the country.
Increased parasite resistance to the commonly used trypanoci-
dal drugs were observed in Ghana, due to their widespread and
indiscriminate use by livestock keepers (Turkson, 1993). Over the
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and Agriculture has thus been committed to controlling AAT.
Despite past control efforts, AAT remains prevalent in Ghana, par-
ticularly in the Upper West Region (UWR) (Adam et al., 2012).
In 2001, the African Union launched the Pan African Tsetse and
Trypanosomosis Eradication Campaign (PATTEC), advocating the
eradication of tsetse populations as the most sustainable way of
controlling trypanosomosis in sub-Sahara Africa. Under the
umbrella of the PATTEC, Ghana is collaborating with Burkina Faso
in a sub-regional initiative aimed at creating tsetse-free areas
across their common border.
The UWR shares its northern and western border with Burkina
Faso and it was selected as a target zone for the ﬁrst phase of the
PATTEC initiative in Ghana. In March 2010, the Government of
Ghana initiated a large-scale integrated campaign for the eradica-
tion of tsetse, with the ultimate goal of removing riverine tsetse
populations from 18,000 km2 (Adam et al., 2013). The project
integrated several tools such as the sequential aerosol technique
(SAT), insecticide-treated targets, insecticide-treated cattle and
ground spraying. As a result of the inclusion of a SAT-component,
it was estimated that the applied strategy reduced the target tsetse
populations by 98% within one month of the start of the control
operations. However, entomological monitoring conducted one
year after the conclusion of the SAT operations indicated that
whereas the applied strategy failed to eradicate the Glossina palp-
alis gambiensis and Glossina tachinoides populations in the target
area, it succeeded in maintaining a high level of suppression
(Adam et al., 2013). The failure to achieve eradication was attrib-
uted to an insufﬁcient penetration of the insecticide droplets in
the dense riparian vegetation during various SAT cycles, a patchy
application of the other control techniques, and a strong re-inva-
sion pressure. Within the framework of this campaign and accom-
panying ﬁeld operations, we conducted a population genetic study
in the intervention area to assess the dispersal capabilities and iso-
lation status of the target populations.
Population genetic studies can be used to estimate dispersal
between various populations of tsetse ﬂies (De Meeûs et al.,
2007; Gooding and Krafsur, 2005), and as such, they provide a very
useful tool to assist decision-making (e.g., to identify sites for the
deployment of artiﬁcial barriers against re-infestation (Politzar
and Cuisance, 1983)) or to facilitate the selection of eradication
or suppression strategies depending on the level of isolation of
the target population (Solano et al., 2009, 2010a,b).
In the UWR of Ghana, the three main rivers (Black Volta, Kul-
pawn and Sissili) are characterized by varying but generally
increasing density of riverine vegetation along a north–south,
downstream gradient. Riverine tsetse populations inhabit these
riparian forests and their abundance is modulated by the ecotype
of vegetation and its degree of disturbance (Bouyer et al., 2005;
Cecchi et al., 2008). The pre-intervention baseline data survey
revealed the presence of two riverine Glossina species in the region:
G. tachinoides and G. p. gambiensis (Adam et al., 2012). G. tachinoides
was predominant (98% of all captures) and widespread along all
three main rivers, with population densities increasing from north
to south. G. p. gambiensis was only detected at low densities in the
southernmost end of the target area (Adam et al., 2012).
Previous population genetic studies of G. tachinoides in Burkina
Faso, upstream on the Black Volta River, did not reveal strong
structuring within or between populations from different river
basins (Koné et al., 2010, 2011). Populations of G. p. gambiensis in
Burkina Faso appeared more structured than those of G. tachinoides
(Bouyer et al., 2007, 2009, 2010a; Koné et al., 2011), but data on
gene ﬂow indicated that both spec ies were able to disperse
between river basins. The capability of riverine ﬂies to cross water-
sheds was also demonstrated by a mark-release-recapture study
with sterile G. p. gambiensis in Mali (Vreysen et al., 2013).Genetic structuring of tsetse populations in the UWR of Ghana
has not been studied before. The riparian vegetation along the
three main rivers is heavily fragmented, and their tributaries
become largely unsuitable for riverine tsetse during the dry season
(December–May). Bush ﬁres and the absence of rain during this
season seriously limit the availability of favorable vegetation
(Adam et al., 2012), so that tsetse ﬂies retract from the tributaries
to residual spots along the main rivers, where permanent water
and vegetation mitigate the harsh ambient macroclimatic condi-
tions (e.g., temperatures often rise above 40 C). Whilst the Black
Volta River is a permanent water course, the Kulpawn and Sissili
are seasonal. It was therefore hypothesized that it might be more
challenging for tsetse to disperse between the main rivers in the
UWR of Ghana than between the Mouhoun and adjacent river
basins in Burkina Faso.
The objective of the present study was to determine whether
tsetse populations in the UWR of Ghana were able to disperse
between river basins, which were used as the basic operational
units for the SAT operations, and hence, whether the tsetse popula-
tions of the target area (Adam et al., 2013) could be considered as
isolated from adjacent north-eastern populations. The study
focused on G. tachinoides. The results of this study can be used by
managers of the eradication campaign to inform decisions on the
potential need to establish adequate barriers to prevent re-invasion
of areas where tsetse populations were reduced to very low levels.2. Materials and methods
2.1. Study area
The Black Volta, Kulpawn and Sissili Rivers are the three main
rivers in the UWR. Eight sites located along the three rivers were
investigated (Fig. 1). The selected sites had been previously studied
in terms of tsetse species composition and abundance (Adam et al.,
2012).
2.2. Entomological sampling
From 19/01/2010 to 12/02/2010, 20 georeferenced biconical
traps were deployed in each site. On average 5 ﬂies were sampled
per trap and a total of 1054 ﬂies were trapped, i.e., 884 G. tachino-
ides, 166 G. palpalis gambiensis and 4 G. morsitans submorsitans.
2.3. Genotyping
A total of 266 individuals (130 in Black Volta, 44 in Kulpawn
and 92 in Sissili) were used for the genetic analysis at microsatel-
lite loci (Table 1 & Fig. 1). The objective was to genotype at least 30
ﬂies per site.
A diagnostic PCR was used to conﬁrm the species (G. tachino-
ides) based on length differences of internal transcribed spacer 1
sequences was performed before genotyping (Dyer et al., 2008).
Nine microsatellite loci were used (preceded by ‘‘X’’ for X-linked
loci): XpGp13, pGp24, pGp17, XpGp20, pGp28 and pGp29 (Luna
et al., 2001), XB104, C102 (A. Robinson, FAO/IAEA, pers. com.),
GpCAG133 (Baker and Krafsur, 2001). In each 1.5 ml tube contain-
ing three legs of the tsetse ﬂies, 200 ll of 5% Chelex chelating resin
was added (Solano et al., 2000;Walsh et al., 1991). After incubation
at 56 C for one hour, DNA was denatured at 95 C for 30 min. The
tubes were then centrifuged at 12,000 g for two minutes and fro-
zen for later analysis.
The PCR reactions were carried out in a thermocycler (MJ
Research, Cambridge, UK) in 20 ll ﬁnal volume, using 10 ll of
the supernatant from the extraction step. The composition of mix
solution for each sample was: 2 ll of 10 Buffer, 0.4 ll of 10 mM
Fig. 1. Study area and location of the genotyped ﬂies.
Table 1
Number of Glossina tachinoides genotyped in each site.
River Populations M F Total
Black Volta 1 27 19 46
Black Volta 2 39 29 68
Black Volta 3 6 10 16
Kulpawn 4 7 22 29
Kulpawn 5 6 9 15
Sissili 6 9 24 33
Sissili 7 13 18 31
Sissili 8 10 18 28
Total 8 117 149 266
590 Y. Adam et al. / Infection, Genetics and Evolution 28 (2014) 588–595dNTP, 0.2 ll of 10 pmol/ll reverse primer, 0.16 ll of 10 pmol/ll
forward primer with M13, 0.2 ll of 10 pmol/ll infrared dye
(700 nm or 800 nm) 0.1 ll of 5u/ll Taq polymerase and 6.94 ll
of sterile distilled water.
After PCR ampliﬁcation, allele bands were resolved on a 4300
DNA Analysis System (LICOR, Lincoln, NE) after migration on 96-
lane reloadable 6.5% denaturing polyacrylamide gels. This method
allows multiplexing of loci by the use of two infrared dyes (IRDye),
separated by 100 nm (700 and 800 nm), and read by a two channel
detection system that uses two separate lasers and detectors to
eliminate errors due to ﬂuorescence overlap. To determine the dif-
ferent allele sizes, a large panel of about 30 size markers was used.
These size markers had been previously generated by cloning
alleles from individual tsetse ﬂies into pGEM-T Easy Vector (Pro-
mega Corporation, Madison, WI, USA). Three clones of each allele
were sequenced using the T7 primer and the Big Dye Terminator
Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems, Fos-
ter City, CA, USA). Sequences were analyzed on a PE Applied Bio-
systems 310 automatic DNA sequencer (PE Applied Biosystems)
and the exact size of each cloned allele was determined (Solano
et al., 2009).
PCR products from these cloned alleles were run in the same
acrylamide gel as the samples, allowing the allele size of the sam-
ples to be determined accurately. Allele sizes were determinedusing SAGAGT Generation 2 Software. Loci located on the X
chromosome give an absence of heterozygotes on a subsample of
males.2.4. Statistical analyses
During preliminary statistical analyses we encountered some
problems that led us to study the comparative behavior of each
of our nine microsatellite loci. For this, we considered ﬂies con-
tained in each trap as subpopulation units and studied Wright’s
FIS and FST (Wright, 1965). FIS is individual inbreeding relative to
subpopulation (trap) inbreeding and reﬂects deviation from local
random mating of individuals. It varies from 1 to +1. Negative
values reﬂect heterozygote excesses while positive values reﬂect
heterozygote deﬁcits. Under the panmictic model FIS = 0 or is
expected slightly negative in dioecious species (Balloux, 2004).
FST is subpopulation inbreeding relative to total inbreeding and
reﬂects subdivision. It is expected to be close to 0 when dispersal
is free across subpopulations and positively increases with increas-
ing subdivision (up to one). These parameters were estimated with
Weir and Cockerham’s unbiased estimators (Weir and Cockerham,
1984), F for FIS and h for FST. Unlike its parametric counterpart, h
can display negative values. While slightly negative values are
expected by chance under the null hypothesis of no subdivision,
strongly negative values might reﬂect homogenizing selection.
The 95% conﬁdence intervals around the value for each locus was
estimated through jackknife over subsamples (traps) and across
the mean over all loci by bootstrap over loci as described elsewhere
(De Meeûs et al., 2007). These computations were undertaken with
Fstat 2.9.4 (Goudet, 2003) (updated from (Goudet, 1995)). Outliers
loci were subsequently rejected from further analyses (see
Section 3).
In order to determine the smallest relevant population units we
undertook a hierarchical analysis with HierFstat (Goudet, 2005)
which estimates Yang’s parameters (Yang, 1998) with Weir and
Cockerham’s method (Weir and Cockerham, 1984) and test their
signiﬁcance with a G-based randomization test as described in
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We considered a group as the collection of traps within 0.1 km2 of
suitable habitat (1 km of gallery forest 100 m width) as deﬁned
elsewhere (Koné et al., 2011), and traps closer than 300 m were
considered to belong to the same sub-group. There were 17 such
sub-groups. Sub-groups were included in 8 sites containing traps
no more distant than 2–3 km that belonged to a homogeneous
river section. In the following level (i.e., ‘location’) traps were sep-
arated by at least 20 km (7 locations), and then the most inclusive
level was represented by the three river basins (Black Volta, Kul-
pawn and Sissili). Each of these levels thus corresponded to a ﬁxa-
tion index:
FTr-SG the inbreeding measured in traps relative to inbreeding in
the subgroup it belongs to, which reﬂects subdividing effect of
traps, FSG-S the inbreeding measured in subgroups relative to
inbreeding in the sites they belong to, which reﬂects subdividing
effect of subgroups, FS-L the inbreeding of sites relative to inbreed-
ing in the location that reﬂects the effect of sites on inbreeding,
FL-RB the inbreeding of groups relative to inbreeding in river basins
and reﬂecting the subdividing effect of groups and ﬁnally FRB-T the
inbreeding in river basins relative to the total inbreeding, which
reﬂects the subdividing effect of river basins. The signiﬁcant depar-
ture from 0 of these F was tested by randomizing units contained
within the level to be tested (just below in the hierarchy) between
these units and within the unit containing the unit to be tested
(just above in the hierarchy). For instance, to test FTr-SG, individuals
are randomized between traps of the same subgroup. Number of
randomization was set to 1000 in each case. When one level was
found to not signiﬁcantly inﬂuence genetic distribution, such level
was removed from the hierarchy and the whole procedure
repeated. A user-friendly tutorial of how to use HierFstat is pre-
sented in (De Meeûs and Goudet, 2007).
Statistical independence between loci was tested with the
G-based randomization test implemented in Fstat 2.9.4 ((Goudet,
2003) updated from (Goudet, 1995). It allows a global test over
all subsamples for each pair of loci and is more powerful than other
combining procedures (De Meeûs et al., 2009). Because there are as
many tests as loci pairs (k = L(L1)/2 with L loci) and because these
tests are not independent, we had to adjust P-values with the Bon-
ferroni correction. We also tested if no more than 5% signiﬁcant
tests expected under the null hypothesis of random association
between loci were observed in the k test series, using a unilateral
exact binomial test undertaken under R (R-Development-core-
team, 2010).
Conformity to local panmixia was assessed through estimation
of Wright’s FIS (Wright, 1965) with Weir and Cockerham unbiased
estimator (Weir and Cockerham, 1984). The signiﬁcant departure
from 0 of FIS was assessed through 10,000 randomizations of alleles
between individuals in each subsample. Estimate and testing was
undertaken with Fstat 2.9.4.
We checked for the possible presence of null alleles and stutter-
ing with MicroChecker (Van Oosterhout et al., 2004). We used
Brookﬁeld’s (Brookﬁeld, 1996) second method to estimate the
expected proportion of homozygous nulls under the panmictic
hypothesis. We then compared this proportion to the actual
observed blanks (missing genotypes) in the data with a unilateral
exact binomial test (alternative hypothesis: there are fewer blanks
observed than expected). In the case of X linked loci, we also used
null allele frequency estimate from females to compute expected
missing genotypes in males, because it should exactly reﬂects alle-
lic frequency, and compared expected and observed values with
the same procedure as for autosomal loci.
Sex speciﬁc genetic structure was assessed with the ‘‘Biased dis-
persal’’ procedure implemented in Fstat 2.9.4. For this, as explained
elsewhere (Goudet et al., 2002; Prugnolle and De Meeûs, 2002;Prugnolle et al., 2003), we only used the corrected mean assign-
ment index mAIc (Favre et al., 1997), which measures how well
each individual genetically ﬁts into the subsample it belongs to,
the variance of this index vAIc and Wright’s FST (Wright, 1965),
which is a genetic signature of subdivision. The most philopatric
sex should display higher mAIc and FST and smaller vAIc. This is
tested by randomizing the sex of individuals within subsamples.
FST and vAIc are the most powerful (Goudet et al., 2002) statistics
but mAIc can prove useful when difference between genders is
more complex than a simple dispersal difference (De Meeûs
et al., 2002; Kempf et al., 2010). We tested sex bias dispersal
between each unit that appeared signiﬁcant during the HierFstat
analysis. Sex biased dispersal between traps was also tested inde-
pendently within each subgroup. We then computed the mean
over all subgroups of each statistic and combined the tests with
the generalized binomial procedure (Teriokhin et al., 2007) with
the software MultiTest V1.2 (De Meeûs et al., 2009). We also tested
sex bias dispersal between subgroups keeping only one male and
one female per trap for the sake of effect of trap control (if any)
as we know this can have a spectacular effect (Kempf et al.,
2010). Since we expect females to disperse less (Koné et al.,
2011), tests were all unilateral.
Isolation by distance was studied with Rousset’s method
(Rousset, 1997). In a two dimension framework we expect the
parameter FST/(1FST) to be linearly connected to the neighbour-
hood size of the population Nb = 4pDer2 in the wide sense (Watts
et al., 2007) with an equation of the form FST/(1FST) =
a + b  Ln(GD), where the slope b = 1/Nb, and GD is the geographic
distance between two subsamples, De is the effective density of
reproducing adults and r is the mean distance between reproduc-
ing adults and their parents (dispersal). We used subsample units
that appeared signiﬁcant with HierFstat and tested the signiﬁcance
of regressions with a Mantel test as recommended (Mantel, 1967)
with 1,000,000 randomizations. This was undertaken with Gene-
pop 4 (Rousset, 2008). The software uses subsample units (e.g.,
trap) coordinates in meters (UTMWGS 84). The software also com-
putes 95% conﬁdence of the slope with ABC bootstrap procedure.
The minimum distance for the regression was set at 0.3 km. We
also analyzed isolation by distance between individuals with the
statistic a and e (equivalent to FST/(1FST) and with similar prop-
erties) because neighborhood size Nb (86 and 51 respectively)
appeared close to the limit (50) of choice between the two statis-
tics (Watts et al., 2007).
Effective population sizes (Ne) were assessed through the link-
age disequilibrium based method of Waples (Waples, 2006). It
was undertaken with LDNe (Waples and Do, 2008). We also used
the within and between locus correlation method (Vitalis and
Couvet, 2001b) with the software Estim 1.2 (Vitalis and Couvet,
2001a) and the mean value of FIS subsamples, the negative values
of which can be connected to the effective population size of dioe-
cious populations as Ne = [1/(2FIS)]  [FIS/(1FIS)](Balloux, 2004).
Effective population density was then estimated as De = Ne/S. Slope
of regression (b) of Rousset’s model in two dimension isolation by
distance (Rousset, 1997) allows estimating mean effective number
of immigrants per generation in a subpopulation as Nem = 1/(2pb),
the neighbourhood size in the strict sense as Nb0 = 1/(4pb) (Rousset,
2008) (note that Nb0 = Der2) and the mean dispersal distance
between reproducing adults and their parents as r =
p
(pbDe/4).
There are three X-linked loci that are thus haploid in males.
Consequently, males were coded as missing data for these loci
for all FIS based analyses and were coded homozygous otherwise.
When using traps as subpopulation units, only traps containing
at least ﬁve ﬂies were kept.
Most procedures used are more detailed in De Meeûs et al.
(2007).
Table 2
Exact binomial tests (P-value) that there are enough blank genotypes (putative null
homozygotes) observed in each trap (Nb_obs) as compared to the expected number
under panmictic conditions and using null allele frequency estimate from Brookﬁeld’s
second method as computed by MicroChecker (Nb_exp). The tests are undertaken
over all traps with at least 5 individuals (total numbers of individuals summed over
all traps). N is the total number of individuals. For X linked loci, allele frequency of
nulls, computed with female data, is also compared to the proportion of missing
genotypes in males. For heterosomal loci, less data could be analyzed with
Microchecker resulting in globally less individuals for heterosomal data than for
autosomal data.
Gender Locus N Nb_exp Nb_obs P-value
C102 183 1 1 0.819
GpGCAC133 183 14 19 0.948
All pGp24 183 9 7 0.267
pGp28 183 1 1 0.738
XB104 57 2 3 0.807
Females XpGp13 57 4 6 0.842
XpGp20 57 2 3 0.780
XB104 17 2 0 0.133
Males XpGp13 17 4 6 0.944
XpGp20 17 2 3 0.804
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3.1. Locus selection
Traps closer than 300 m (sub-groups, as deﬁned for the HierF-
stat analysis in the Material and Methods section) were used as
population units in order to optimize both subsample sizes and
subsample numbers. The locus by locus analysis (Supplementary
materials 1–2) indicated that locus pGp17 displayed an FIS of
almost 1 that was signiﬁcantly different from the mean. Locus
pGp29 displayed an unusually small FIS and FST that appeared sig-
niﬁcantly different from the mean over all loci and could be reﬂect-
ing some kind of selection signature. Both loci were therefore
removed from the data for further analyses that was carried out
with the remaining seven loci (XB104, XpGp13, XpGp20, C102,
GpCAG133, pGp24 and pGp28).
3.2. Hierarchical population structure
The signiﬁcance of the different hierarchical levels was tested
with HierFstat. This analysis indicated a non-signiﬁcant effect of
sub-groups within sites (FSG-S < 0, P-value = 1). When this level
was ignored, we obtained a non-signiﬁcant effect of locations
within river basins (FL-RB < 0, P-value = 0.166). The non signiﬁcant
effect of a hierarchical effect simply means no supplementary
information is brought by this level. It does not mean that no
genetic differentiation occurs between individuals belonging to
different units of this hierarchy (see Supplementary material of
(Rougeron et al., 2009) for a detailed explanation). The remaining
levels appeared to signiﬁcantly affect genetic diversity distribu-
tion: traps within subgroups (FTr-SG = 0.038, P-value = 0.043), sites
within river basins (FS-RB = 0.047, P-value = 0.001) and river basins
within the total (FRB-T = 0.056, P-value = 0.037). The level ‘‘Trap’’
displayed the weakest effect, though signiﬁcant, which is not typ-
ical for G. tachinoides that usually differentiates genetically at
higher scales (Koné et al., 2010, 2011). In further analysis we tested
and measured local parameters (linkage disequilibrium and FIS)
within traps and within sites.
3.3. Local population structure
Within traps, one pair of loci signiﬁcantly displayed a linkage
disequilibrium (P-value = 0.007) and within subgroups and
within sites, one pair of loci also showed signiﬁcant linkage
(P-value < 0.03). This is not signiﬁcantly above the 5% expected
under the null hypothesis (unilateral exact binomial test,Fig. 2. Glossina tachinoides from Ghana inbreeding of individuals relative to
inbreeding within traps (FIS) for the seven retained loci. The 95% conﬁdence
interval around each locus was obtained by jackknife over population (traps). Over
all loci (All) 95% conﬁdence interval was obtained by bootstrap over loci. Here,
males were coded as missing data for X linked loci.P-value = 0.6594 for 21 tests with 7 loci) and became not signiﬁ-
cant after Bonferroni correction. We can therefore assume no or
very weak statistical association between the seven microsatellite
loci.
Across loci there was a signiﬁcant and highly variable heterozy-
gote deﬁcit within traps as illustrated in Fig. 2. Only two loci
displayed heterozygote excess (FIS = 0.066 ﬁr XpGp13 and
FIS = 0.08 for GpCAG133) as expected in a dioecious species. Null
alleles were probably responsible for the observed pattern. Micro-
Checker analyses conﬁrmed that all heterozygote deﬁcits can lar-
gely be explained by null alleles (smallest P-value >0.13, Table 2).
A similar analysis within sites and within river basins showed
similar patterns for FIS but with signiﬁcantly increasing values
(Fig. 3). This conﬁrms that pooling traps and then sites produced
signiﬁcant Wahlund effects.
3.4. Sex biased dispersal
An analysis of sex biased dispersal showed no signiﬁcant sex
biased dispersal between traps either considering traps alone or
when tests were undertaken within each site separately and
combined with the generalized binomial procedure (Table 3). In
fact, the signal tended to be more in agreement with a femaleFig. 3. Testing for Wahlund effect by comparing inbreeding of individuals relative
to inbreeding within the subsample unit (FIS) for different subsampling units that
signiﬁcantly affect genetic polymorphism: ﬂies caught in the same trap (Traps),
pooling ﬂies from traps no more distant than 3 km from each other (sites) and
pooling ﬂies from the same river basin. Double arrows indicate the Bonferroni
corrected P-values of comparisons with Wilcoxon signed rank unilateral test for
paired data.
Fig. 5. Results obtained to estimate effective population sizes (Ne) of Glossina
tachinoides in traps with at least 5 individuals. For LDNe and Estim values, the 95%
conﬁdence intervals were computed with the formula: Ne ± s2(Ne)  t0.05,cwhere t is
the student parameter for a = 0.05 and c degrees of freedom (number of traps-1).
Lower limits were set to 0 when negative. For Balloux’s method, only two loci,
XpGp13 and GpGCAC, gave a negative (hence usable) FIS and thus only two values
(very close: 6 and 8 respectively) were available.
Table 4
Inference of effective population size (Ne), density (De) and of mean dispersal distance
per generation with the different methods used for estimating Ne.
Method Ne De r (km) 95% Conﬁdence interval
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basins, all parameters (except FST when corrected for trap effect)
indicated a male biased dispersal and were signiﬁcant for vAIc in
two instances (Table 3). It can be noted that controlling for the
effect of traps was only possible for the test between sites where
the drop in sample sizes probably led to the non-signiﬁcance
observed.
3.5. Isolation by distance and demographic inferences
All regressions but the one using sites provided a signiﬁcant iso-
lation by distance. The best adjustment was obtained with traps
containing at least ﬁve individuals (Fig. 4), with a regression slope
of b = 0.01462 and a 95% conﬁdence interval (CI) of [0.0076,
0.0229] resulting in a neighborhood size of Nb = 70 and CI = [44,
131] individuals in the wide sense, of Nb0 = 6 and CI = [3, 10] indi-
viduals in the strict sense and with Nm = 11 and CI = [7, 21] immi-
grants per generation in each subpopulation. Estimating effective
population size in each trap was possible in seven traps with LDNe,
six traps with Estim and for only two loci XpGp13 and GpCAG133
with the FIS method (Fig. 5). The order of magnitude of Ne was sim-
ilar for LDNe and Estim that relied on more data and were more in
line with Nem as estimated with Rousset’s model (Table 4). We
thus assumed Ne to be approximately around 32 and 41 individualsTable 3
Results of sex biased dispersal analyses using different components as subpopulation
units as deﬁned in the text. Parameters indicating the most philopatric sex (that
disperse less) are in bold. Signiﬁcant differences are in italics.
Subpopulation units Parameters Females Males P-value
Traps mAIc 0.156 0.205 0.9174
vAIc 3.445 3.036 0.4475
FST 0.110 0.117 0.9884
Traps in separated MSGs mAIc 0.1563 0.205 0.7
vAIc 3.445 3.036 0.2372
FST 0.110 0.117 0.7
MSGs mAIc 0.233 0.292 0.0817
vAIc 6.570 10.921 0.0187
FST 0.095 0.080 0.1518
MSGs corrected for traps mAIc 0.138 0.147 0.273
vAIc 5.199 5.750 0.534
FST 0.074 0.112 0.9075
River basins mAIc 0.192 0.241 0.1592
vAIc 8.862 15.274 0.004
FST 0.077 0.069 0.3546
Fig. 4. Comparison of slopes obtained during isolation by distance analyses using
either individual ﬂies (with statistics a and e), traps or sub-groups as units.
Signiﬁcance of the regression is given by the P-values obtained during the Mantel
test and the quality of adjustment measured by the determination coefﬁcient (R2) of
the regression. The 95% conﬁdence intervals were obtained by the ABC bootstrap
method implemented in Genepop 4.
LDNe 51 17000 0.0175 [0.0118, 0.0532]
Estim and FIS 13 4333 0.0012 [0.0233, 0.1054]
Mean 32 10667 0.0005 [0.0148, 0.0672]in the zone surrounding each trap. The mean distance between
traps in the same site was around 26 m, which corresponds to a
surface S = 0.000673 km2 approximately occupied by a subpopula-
tion that corresponds to one trap. This allows computing an
approximate local density (Ne/S) of De  48000–61000 ﬂies/km2
with CI  [18,000, 77,000] (or 0.48–0.61 ﬂies/m2). This leads to
an approximate dispersal distance of r 11 m per generation with
CI  [9, 17].4. Discussion
G. tachinoides populations in the UWR (Ghana) appeared much
more subdivided than their northern counterparts in Burkina Faso
(Koné et al., 2011). The HierFstat approach clearly showed that
traps and river basins did not have any effect on population struc-
turing in Burkina Faso, whereas in Ghana both had a signiﬁcant
effect with higher F values at all levels as compared to those
obtained in Burkina Faso. However, even if neighborhood size
and the number of immigrants per generation appeared similar
in both areas studied, the geographic size of these units were much
smaller in Ghana where apparent densities of the ﬂy populations
were 20 orders of magnitude higher and dispersal seven orders
of magnitude lower than in Burkina Faso (Koné et al., 2011). These
differences might be due to a higher habitat fragmentation in
Ghana than in Burkina Faso, as increased fragmentation results in
higher aggregation of the ﬂies in residual patches which will
decrease actual spatial dispersal. The more favorable conditions
in these patches will increase population densities and likewise,
reduce dispersal i.e., the probability that migrants can establish
in these sites at constant habitat saturation. If this density is
reduced by a control effort however, the probability that migrants
can establish increases. This has important consequences for con-
trol since dense habitats are also those where the probability of
ﬂies surviving aerial spraying of insecticide droplets (SAT) is more
likely (Adam et al., 2013). In fact, while the impact of the ﬁrst
spraying cycle was relatively important (reduction of 92% in ﬂy
594 Y. Adam et al. / Infection, Genetics and Evolution 28 (2014) 588–595density), there was no further reduction of the density of the G.
tachinoides population after subsequent cycles. Moreover, the
impact of targets and live baits, also used during this campaign,
is also reduced by a lower dispersal of the ﬂies (Bouyer et al.,
2010b).
Sex biased dispersal is more difﬁcult to detect when dispersal is
smaller and fragmentation of the populations increases (Goudet
et al., 2002; Prugnolle and De Meeûs, 2002). This is probably why
sex biased dispersal was more difﬁcult to show in this study than
in Burkina Faso (Koné et al., 2011). However, also in Ghana, our
results seem to show that it is difﬁcult for female G. tachinoides to
establish themselves in remote subpopulations, which might be
attributed to higher mortality of immigrating females as compared
to males, or to difﬁculties of the migrating female ﬂies to ﬁnd suit-
able new breeding sites. It would be very useful to carry out amark-
release-recapture study to compare the relative survival and dis-
persal of the two sexes in these fragmented landscapes, as most
of the existing data date back to the 1980’s when experiments were
conducted in less fragmented gallery forests (Cuisance et al., 1985).
Even if the dispersal of G. tachinoides is lower in the UWR as
compared to that observed in Burkina Faso, it was deemed sufﬁ-
cient for ﬂies to migrate between the river basins and between
SAT-treated areas, and for these to be reinvaded from adjacent
populations, as demonstrated by the low value of FRB-T. Since ﬂy
densities were not uniform across the study area, with steep vari-
ations from less than 1 to more than 100 ﬂies per trap per day
(Adam et al., 2012), it is probable that the apparent pattern of
‘‘continuity of isolation by distance’’ might result from dispersal
that adjusts to local conditions (increased dispersal distance when
densities drop). These data corroborate results from previous pop-
ulation genetics studies indicating that in West Africa G. tachino-
ides populations from different river basins cannot be considered
isolated from one another (Koné et al., 2010, 2011). In Uganda
and with another riverine species, Glossina fuscipes fuscipes, it
was found that populations belonging to various river networks
were also not isolated, except those separated by Lake Kyoga
(Abila et al., 2008). In the present case, the issue is all the more
important as the target area borders Burkina Faso, where the exis-
tence of other tributaries and river basins poses further threats of
reinvasion. If Governments which have subscribed to the PATTEC
initiative are planning a sequential eradication strategy using the
rolling carpet approach at the regional level, buffer areas to pre-
vent reinvasion will have to be established between SAT-treated
blocks and between untreated adjacent river basins (Hendrichs
et al., 2005). Deltamethrin-impregnated biconical traps deployed
at 100 m intervals along 7–10 km river section successfully pre-
vented migration of G. p. gambiensis and G. tachinoides in Burkina
Faso (Cuisance and Politzar, 1983). Although no ﬁeld data exists
on the potential dispersal of native riverine tsetse between river
basins, insecticide-impregnated cloth targets deployed at 250 m
intervals established a barrier with a width between 2 and 25 km
and so far has successfully prevented reinvasion of G. m. centralis
in the Okavango delta in Botswana (Kgori et al., 2006). However,
these barriers require proper maintenance, and generally have pro-
ven not to be sustainable (de La Rocque et al., 2001).
Finally, mean population densities of G. tachinoides seem to be
10 times higher in Ghana than in Burkina Faso, which might
reﬂect much bigger effective meta-population sizes in Ghana. It
would be interesting to compare the relative impacts of targets
in these two countries where control campaigns are being con-
ducted simultaneously.
In the above described tsetse control effort in the UWR of
Ghana, the SAT component of the campaign failed to eradicate both
riverine species (i.e., G. tachinoides and G. palpalis gambiensis),
probably because the dense tree canopy prevented adequate
penetration of the insecticide droplets, therefore not successfullykilling all adult female ﬂies. At least 22% of the adult female ﬂies
of both G. tachinoides and G. p. gambiensis dissected after each
SAT cycle were survivors or immigrants (Adam et al., 2013). Fur-
thermore, even if SAT had succeeded in eradicating the tsetse pop-
ulations in the sprayed blocks, the results of our population
genetics study suggest that there would have been a high probabil-
ity of reinvasion from the unsprayed tributaries of the neighboring
eastern populations, and from Burkina Faso. The very high efﬁcient
densities suggested by our genetic data also suggest that small
zones as narrow as 673 m2 can be missed during eradication cam-
paigns and represent thereafter important reinvasion reservoirs.
For future programs aimed at eradication, the establishment of
a buffer zone of adequate size using insecticide impregnated tar-
gets before the implementation of SAT operations would be recom-
mended (Kgori et al., 2006). Also, more attention should be given to
controlling the tsetse populations in the tributaries, if an area-wide
approach is to be pursued within the target area.
After the SAT operations, the Government of Ghana opted for a
long-term suppression approach that will be based on the integra-
tion of insecticide-impregnated-targets and pour on treatment of
cattle to maintain the level of population suppression obtained
with the SAT-based integrated campaign. Furthermore, it is
expected that farmers will become progressively more involved,
through the promotion of control tactics such as the footbaths,
i.e., the restricted application of insecticide to cattle legs (Bouyer
et al., 2011).
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